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The Health Benefits of Negative Hydrogen

Until around the 1940’s, the primary continuum opacity in the
solar atmosphere was unknown. The solution came from an unex-
pected source. In 1929 Hans Bethe showed that there was a bound
state for the negative hydrogen ion, H−, consisting of one proton and
two electrons. In 1939, Rupert Wildt made the first suggestion that
bound-free opacity from H minus may be important in stellar photo-
spheres, and Chandrasekhar devoted considerable effort to working
out the quantum mechanics of the ion1. The binding energy of H 1 e.g., Chandrasekhar 1944

minus is a mere 0.75 eV; it is a minor constituent of the Sun, but an
important one.2 2 A google search on “negative hydro-

gen ion" turns up many sites pitching
the antioxidant power of the substance.
I’m not sure if eating these pills will
help you live longer; but at least we
demonstrate here that negative hydro-
gen does have an intimate connection
to life – most of the light we receive on
earth has passed through the H minus
ion. (If the sellers knew this fact, I bet
they would include it in their pitch).

Here we’ll try to make some very rough estimates of the contribu-
tions of various radiative processes to the opacity of the sun. We’ll
approximate the solar atmosphere as a homogenous medium of pure
hydrogen at temperature T = 5500 K, number density n = 1017 cm−3

and scale height H = 100 km. We can then make rough estimates of
the optical depth of the atmosphere as τ ∼ nσ(λ0)H, where σ(λ0)

is the cross-section of some radiative process at a chosen reference
wavelength in the optical, λ0 = 5000 Å.

a): Assuming LTE, estimate the ionization fraction of the solar atmo-
sphere: xHII = ne/n, where ne is the electron density. Assume that
all of the free electrons come from ionized hydrogen (i.e., ignore H
minus and metals for now). What is an estimate for the optical depth
to electron scattering?

b): Estimate the optical depth at the reference wavelength to free-free
absorption from ionized hydrogen.

c): Estimate the optical depth at the reference wavelength to bound-
free absorption from the n = 1, n = 2, and n = 3 states of hydrogen.

You will see that none of the above sources of continuum opacity are
sufficient to understand the solar photosphere. The dominant opacity
in the optical comes from the negative hydrogen ion.

d) What is the fractional abundance of H− ions in the solar atmo-
sphere, assuming LTE? Estimate the optical depth (at the reference
wavelength) to bound free absorption from the ground state of H−

using a hydrogenic approximation for the cross-section.

http://adsabs.harvard.edu/abs/1944ApJ...100..176C
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Comment: The actual H-minus bound-free cross-section is more
complex, due to the more involved quantum mechanics. As seen in
Figure 1, the cross-section initially rises from threshold, reaching a
peak at a frequency a factor of 2 higher (a wavelength ∼ 8000 Å),
then declines in a more typical way3. The cross-section around the 3 A detailed review of the H minus

physics is given in Rau (1996)peak is about 4 × 10−17 cm2, much larger then you estimated from
a hydrogenic approximation. This wavelength dependence of the
opacity was known – based on observations of solar limb darkening
at various wavelengths – even before Wildt made his suggestion.
Much of Chandrasekhar’s subsequent work on H minus was in an
effort to explain the opacity peak at around 8000 Å.

Figure 1: Contrast between the cross-
section for photoionization of neutral
atoms and photodetachment of a
negative ion. Horizontal axis is the
incident photon frequency in units of
the threshold frequency (from Bethe &
Salpeter 1997, reproduced in Rau 1996).

Flipping Spins at the Epoch of Reionization

Observations of the 21 cm line at redshifts of z ≥ 10 could
probe the distribution of neutral hydrogen at the epoch of reion-
ization, providing new insight into astrophysics and cosmology.
This is the goal of a new generation of radio interferometers e.g.,
the Murchison Widefield Array (MWA), the LOw Frequency ARray
(LOFAR), the Precision Array to Probe the Epoch of Reionization
(PAPER), the 21 cm Array (21CMA), and the Giant Meterwave Radio
Telescope (GMRT), along with next generation instruments like the
Square Kilometer Array (SKA).

Due to cosmological redshift, the 21 cm signal at different epochs

http://www.ias.ac.in/jarch/jaa/17/113-145.pdf
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will map to different wavelengths; hence we may be able to read
off the evolution of hydrogen gas from a spectrum. Figure 2, from
the nice review article of Prichard and Loeb (2012) , shows what the
spectrum might look like. At different redshifts, the 21cm line may
be seen in either emission or absorption relative to the background
radiation source, which is generally the CMB. Here we consider the
basic physics of the 21 cm fluctuations, and familiarize ourselves
with the terminology used in the literature. In particular, the 21 cm
community is fond of defining a great variety of "temperatures".

Figure 2: Schematic picture of the
predicted cosmological 21 cm signature
through the epoch of reionizaiton. From
Prichard and Loeb (2012) .

First, define the constant T? = hνfs/k = 0.068 K, where νfs is the
frequency of the 21 cm line. We will be in the regime T � T? for
any reasonable temperature we may encounter, and are thus in the
Raleigh-Jeans limit. In this case, people describe the observed specific
intensity using the brightness temperature, Tb, defined by

Iν(νfs) =
2ν2

fs
c2 kTb (1)

The value Tb may or may not have anything to do with the actual
kinetic temperature, TK of the gas being observed. As defined, it is
merely an alternative way of expressing Iν.

We define another temperature, the spin temperature, Ts, which
describes the hyperfine level populations4 4 To be consistent with Prichard and

Loeb, I’ll use a subscript 1 to describe
the excited (F=1) hyperfine state of hy-
drogen and subscript 0 for the ground
state (F = 0). For other transitions, the
spin temperature is usually called the
excitation temperature.

n1

n0
=

g1

g0
e−hνfs/kTs (2)

When the gas is in LTE we have the identification Ts = TK; i.e., the
spin temperature is the same as the actual gas temperature. If LTE

http://arxiv.org/pdf/1109.6012v2.pdf
http://arxiv.org/pdf/1109.6012v2.pdf
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does not hold, Ts does not correspond to any real thermodynamic
temperature, and is simply a convenient parameter to describe the
ratio n1/n0.

The hyperfine level populations will be influenced by radiative
transitions. We define the radiation temperature, Tγ, in terms of the
local mean intensity of the radiation field, Jν

Jν(νfs) = Bν(Tγ, νfs) (3)

This definition does not necessarily assume the radiation field is a
blackbody – we are simply defining Tγ as the temperature for which
the Planck function equals Jν at the frequency νfs. In our case, the
radiation field is due (primarily) to the CMB, which actually is a
blackbody with Tγ = 2.7(1 + z).

a) Consider a specific intensity beam from the background CMB
passing through a hydrogen cloud of optical depth τ. Show that the
observed fluctuation in the brightness temperature of the 21 cm line
(relative to the background CMB brightness temperature) is given by5 5 We won’t gone into the effects of

cosmological redshift, which reduce
the overall intensity of the fluctuation.
If included, the right hand side of this
expression should be divided by a
factor of (1 + z).

δTb = (Ts − Tγ)(1 − e−τ) (4)

If we can determine Ts, we can predict whether the 21 cm line should
be seen in emission (δTb > 0) or absorption (δTb < 0). Caclulating
the spin temperature, however, is difficult because it is affected by
various astrophysical processes.

b). The hyperfine levels will generally be in statistical equilibrium
(not necessarily LTE) in which the spin flip transitions are in steady
state. Assume that transition between the levels are due to either
collisions (e.g., impacts with other hydrogen atoms) or radiation.
Show using the Einstein coefficients that the expression for the spin
temperature6 is 6 Recall T � T? for any T.

T−1
s =

T−1
γ + xcT−1

K
1 + xc

(5)

where
xc =

C10

A10

T?

Tγ
(6)

Determine the value of Ts in the two limits xc � 1 and xc � 1 and
briefly explain why these limits makes sense.

c) There is a critical density7 where xc ∼ 1. As a rough estimate 7 This is a slightly different critical
density that we discussed in class, in
which we only looked at the ratio of
collisional to spontaneous de-excitation
C10/A10. We see that taking into
account the transitions driven by the
incident radiation field introduces the
additional factor T?/Tγ.

of its value, consider the case where C10 is due to neutral hydrogen
atoms colliding with each other, and assume the cross-section for
collisional de-excitation is just the geometrical cross section of an
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H atom. Determine the critical hydrogen density for the specific
conditions Tγ = 2.7 K and TK = 100 K.

There is another important effect that can ”flip the spin" of a hydro-
gen atom – the scattering of lyman alpha (Lα) photons8. A Lα photon 8 Lyman alpha photons will be pro-

duced in abundance once stars/AGN
form and produce HII regions.

can excite a hydrogen atom in either of the two n = 1 hyperfine
states to an n = 2 level. The subsequent emission of a Lα photon can
return the electron to either of the two n = 1 hyperfine states, effec-
tively causing a transition between these levels. This is known as the
Wouthuysen-Field effect.

The Lα line is so optically thick that we expect the radiation field
near line center to be coupled to the gas temperature and reach its
LTE value9 9 The coupling of the Lα photons and

the gas thermal energy pool is subtle,
but related to the energy exchange
that occurs when an atom recoils upon
scattering a Lα photon. Though the
energy exchange of any one scattering
is small, many repeated scatterings can
effectively couple the Lα radiation to
the gas temperature. This is similar to
the comptonization we discussed, in
which radiation exchanges energy with
the gas through electron scattering.

Jν(νLα) = Bν(TK, νLα) (7)

Let P10 be the rate at which Lα photons drive transitions from the
ground to the excited hyperfine level. From LTE arguments we
would also then expect that the total rate of transitions from 0 to 1

is
P01 = P10

g1

g0
e−hνfs/kTK (8)

d) Show that a more general expression for the spin temperature

which includes the Wouthuysen-Field effect (and assumes the Lα

radiation field is well-coupled to the gas temperature) is

T−1
s =

T−1
γ + (xc + xα)T−1

K
1 + xc + xα

(9)

and write down the expression for xα in terms of P10.

e) Now we can make qualitative predictions of the kind of signal we
expect from cosmological 21 cm measurements. For each epoch be-
low, give a very brief explanation as to why you predict we should
see the 21 cm fluctuations (relative to the CMB) in emission, in ab-
sorption, or not at all.

1. (200 ≤ z ≤ 1100): After recombination at z ≈ 1100, the gas density
is high enough that the gas and CMB radiation remain thermally
coupled10 and have the same temperature. There are as yet no 10 This is typically mediated by the en-

ergy exchange from compton scatteringsources of lyman alpha or ionizing photons.

2. (40 ≤ z ≤ 200): As cosmological expansion continues, the gas
and radiation go out of equilibrium and their temperatures evolve
independently and adiabatically. The gas density is still well above
the critical density defined in c), though.
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3. (30 ≤ z ≤ 40): The gas density drops below the critical density
such that radiative transitions from the CMB set the level popula-
tions.

4. (15 ≤ z ≤ 30): The first sources (stars, AGN) turn on, and produce
enough Lα photons that the hyperfine level populations are set by
the Wouthuysen-Field effect. The gas is still cool from adiabatic
expansion, so TK < Tγ.

5. (7 ≤ z ≤ 15): The radiation (mostly x-rays) from sources heat the
gas to the point that TK becomes larger than the CMB temperature.
Lyman alpha coupling is still effective (i.e., xα � 1).

6. (z ≤ 7): Enough ionizing radiation from the sources has been
emitted that reionization is complete – i.e., essentially all of the
neutral hydrogen in the intergalactic medium has been ionized.

Comment: We can now better understand the predicted signal drawn
in Figure 2. The above run down is of course just a guess at what the
21 signature should look like, and at what redshifts we might expect
transitions. We still have a lot to learn about cosmological reion-
ization and the sources of radiation that influence the intergalactic
medium. Having actual 21 cm observations at these epochs obviously
would teach us a lot.
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